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51. Vertical Electric Field (Fresh Water), 
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61. Vertical Electric Field (Fresh Water), 
Freq. = 10.0 MHz, Dist. = 10 km, 
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66. Vertical Electric Field (Fresh Water), 
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67. Vertical Electric Field (Fresh Water), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 0.00 m 66 
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13. Radial Electric Field (Fresh Water), 
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75. Radial Electric Field (Fresh Water), 
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79, Radial Electric Field (Fresh Water), 


Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 72 


80. Radial Electric Field (Fresh Water), 

Freq. = 1.0 MHz, Dist. = 10 km, 

VED Height = 224.76 m 72 
81. Radial Electric Field (Fresh Water), 

Freq. = 1.0 MHz, Dist. = 10 km, 

VED Height = 449.52 m 73 
82. Radial Electric Field (Fresh Water), 

Freq. = 1.0 MHz, Dist. = 100 km, 

VED Height = 0.00 m 73 
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83. Radial Electric Field (Fresh Water), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 74 


84. Radial Electric Field (Fresh Water), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 74 


85. Radial Electric Field (Fresh Water), 
Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 75 
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88. Radial Electric Field (Fresh Water), 
Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 76 


89. Radial Electric Field (Fresh Water), 
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90. Radial Electric Field (Fresh Water), 
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VED Height = 44.95 m 77 
91. Radial Electric Field (Fresh Water), 

Freq. = 100.0 MHz, Dist. = 3 km, 

VED Height = 0,00 m 78 


92. Radial Electric Field (Fresh Water), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 2.25m 78 


93. Radial Electric Field (Fresh Water), 

Freq. = 100.0 MHz, Dist. = 3 km, 

VED Height = 4.50 m 79 
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96. Radial Electric Field (Fresh Water), 
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VED Height = 4.50 m 80 
97. Vertical Electric Field (Ice), Freq. = 0.1 MHz, 

Dist. = 30 km, VED Height = 0.00 m 81 
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99. Vertical Electric Field (Ice), Freq. = 0.1 MHz, 
Dist. = 30 km, VED Height = 4495,20 m 82 
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Vertical Electric Field (Ice), Freq. = 0.1 MHz, 
Dist. = 300 km, VED Height = 0.00 m 


Vertical Electric Field (Ice), Freq. = 0.1 MHz, 
Dist. = 300 km, VED Height = 2247.60 m 
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Vertical Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 10 km, VED Height = 0.00 m 

Vertical Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 10 km, VED Height * 224.76 m 


Vertical Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 10 km, VED Height = 449.52 m 


Vertical Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 100 km, VED Height = 0.00 m 


Vertical Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 100 km, VED Height = 224.76 m 


Vertical Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 100 km, VED Height = 449.52 m 

Vertical Electric Field (Ice), Freq. = 10.0 MHz, 
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Vertical Electric Field (Ice), Freq. = 100.0 MHz, 
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Vertical Electric Field (ice), Freq. = 100.0 MHz, 
Dist. = 30 km, VED Height = 2.25 m 


Vertical Electric Field (Ice), Freq. = 100.0 MHz, 
Dist. = 30 km, VED Height = 4.50 m 


Radial Electric Field (Ice), Freq. = 0.1 MHz, 
Dist. = 30 km, VED Height = 0.00 m 
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122. Radial Electric Field (ice), Freq. = 0.1 MHz, 
Dist. = 30 km, VED Height = 2247.60 m 93 
123. Radial Electric Field (Ice), Freq. = 0.1 MHz, 
Dist. = 30 km, VED Height = 4495,20m 94 
124. Radial Electric Field (Ice), Freq. = 0.1 MHz, 
Dist. = 300 km, VED Height = 0.00 m 94 7: 
125. Radial Electric Field (Ice), Freq. 0.1 MHz, : 
Dist. = 300 km, VED Height = 2247.60 m 95 
126, Radial Electric Field (Ice), Freq. = 0.1 MHz, 
Dist. = 300 km, VED Height = 4495.20 m 95 
127, Radial Electric Field (ice), Freq. = 0.1 MHz, | 
Dist. = 10 km, VED Height = 0.00 m 96 | 
128. Radial Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 10 km, VED Height = 224.76 m 96 | 
129. Radial Electric Field (ice), Freq. = 1.0 MHz, \ 
Dist. = 10 km, VED Height = 449.52 m 97 
130. Radial Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 100 km, VED Height = 0.00 m 97 
131. Radial Electric Field (Ice), Freq. = 1.0 MHz, " 
Dist. = 100 km, VED Height = 224.76 m 98 ' 
132. Radial Electric Field (Ice), Freq. = 1.0 MHz, 
Dist. = 100 km, VED Height = 449.52 m 98 
133. Radial Electric Field (Ice), Freq. = 10.0 MHz, | 
Dist. = 10 km, VED Height = 0.00 m 99 : 
134. Radial Electric Field (Ice), Freq. = 10.0 MHz, ! 
Dist. = 10 km, VED Height = 22.48 m 99 | 
135. Radial Electric Field (ce), Freq. = 10.0 MHz, 
Dist. = 10 km, VED Height = 44.95 m 100 H 
136. Radial Electric Field (ice), Freq. = 10.0 MHz, 
Dist. = 100 km, VED Height = 0.00 m 1006 | 
137, Radial Electric Field (Ice), Freq. = 10.0 MHz, 
Dist. = 100 km, VED Height = 22.48 m 101 
138. Radial Electric Field (Ice), Freq. = 10.0 MHz, 
Dist. = 100 km, VED Height = 44.95 m 101 
139. Radial Electric Field (Ice), Freq. = 100.0 MHz, 
Dist. = 3 km, VED Height = 0.00 m 102 
140. Radial Electric Field (ice), Freq. = 100.0 MHz, 
Dist. = 3 km, VED Height = 2.25 m 102 
141. Radial Electric Field (Ice), Freq. = 100.0 MHz, 
Dist. = 3 km, VED Height = 4.50 m 103 
142. Radial Electric Field (ice), Freq. = 100.0 MHz, 
Dist. = 30 km, VED Height = 0.00m 103 


143, Radial Electric Field (Ice), Freq. = 100.0 MHz, 
Dist. = 30 km, VED Height = 2.25 m 104 
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144. Radial Electric Field (Ice), Freq. = 100.0 MHz, 
Dist. = 30 km VED Height = 4.50 m 104 


145. Vertical Electric Field (Well-Conducting Soil), cf 
Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 105 


146. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 2247.60 m 105 


147. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 30 km, 
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148. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 0.00 m 106 


149. Vertical Electric Field (Well-Conducting Soil), 
Freq, = 0.1 MHz, Dist. = 300 km, 
VED Height = 2247.60 m 107 
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151. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 108 


152. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 224.76 m 108 


153. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 449,52 m 109 


154. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 109 


155. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 110 


156. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 110 


157. Vertical Electric Field (Well-Conducting Soil), 

Freq. = 10.0 MHz, Dist. = 10 km, 

VED Height = 0.00 m lil 
158. Vertical Electric Field (Well-Conducting Soil), 

Freq. = 10.0 MHz, Dist. = 10 km, 

VED Height = 22.48 m 111 
159. Vertical Electric Field (Well-Conducting Soil), 

Freq. = 10.0 MHz, Dist. = 10 km, 

VED Height = 44.95 m 112 
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160. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 112 


161. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 100 km, 


VED Height = 22.48 m 113 

162. Vertical Electric Field (Well-Conducting Soil), 4 
Freq. = 10.0 MHz, Dist. = 100 km, | 
VED Height = 44.95 m 113 1 


163. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 1 
VED Height = 0.00 m 114 : 


164. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 2.25 m ~ 114 


165. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 115 


166. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 115 


167. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25 rn 116 


168. Vertical Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 4.50 m 116 


169. Radial Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 117 


170. Radial Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 2247.60 m 117 


171. Radial Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 m 118 


172. Radial Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 0,00 m 118 


173. Radial Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 2247.60 m 119 


174, Radial Electric Field (Well-Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 4495.20 m 119 


175. Radial Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 120 
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Radial Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 224.76 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 449.52 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 22.48 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 44.95 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 22.48 m 

Radial Electric Field (Well-Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 44.95 m 


Radial Electric Field (Well-Conducitng Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 0.00 m 


Radial Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 2.25 m 

Radial Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 

Radial Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 

Radial Electric Field (Well-Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25 m 


15 


illustrations 


120 


121 


121 


122 


122 


123 


123 


124 


124 


125 


125 


126 


126 


127 


127 


128 


Dias s 


oid deine ste oe eb ae 


193. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 30 km, { 
VED Height = 0.00 m 129 | 


194. Vertical Electric Field (Poorly Conducting Soil), i 
Freq. = 0.1 MHz, Dist. = 30 km, | 
VED Height = 2247.60 m 129 ; 
195. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 m 130 


196. Vertical Electric Field (Poorly Conducting Soil), 

Freq. = 0.1 MHz, Dist. = 300 km, 

VED Height = 0.00 m 130 
197. Vertical Electric Field (Poorly Conducting Soil), 

Freq. = 0.1 MHz, Dist. = 300 km, 

VED Height = 2247.60 m 131 


198. Vertical Electric Field (Poorly Conducting Soil), 
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VED Height = 4495.20 m 131 
199. Vertical Electric Field (Poorly Conducting Soil), 

Freq. = 1.0 MHz, Dist. = 10 km, 

VED Height = 0.00 m 132 


200. Vertical Electric Field (Poorly Conducting Soil), 

Freq. = 1.0 MHz, Dist. = 10 km, 

VED Height = 224.76 m 132 
201. Vertical Electric Field (Poorly Conducting Soil), 

Freq. = 1.0 MHz, Dist. = 10 km, 

VED Height = 449.52 m 133 
202. Vertical Electric Field (Poorly Conducting Soil), 

Freq. = 1.0 MHz, Dist. = 100 km, 

VED Height = 0.00 m 133 


203. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 134 


204. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 134 


205. Vertical Electric Field (Poorly Conducting Soil), 

Freq. = 10.0 MHz, Dist. = 10 km, 

VED Height = 0.00 m 135 
206. Vertical Electric Field (Poorly Conducting Soil), 
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207. Vertical Electric Field (Poorly Conducting Soil), 

Freq. = 10.0 MHz, Dist. = 10 km, 
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192. Radial Electric Field (Well-Conducting Soil), f | 
Freq. = 100.0 MHz, Dist. = 30 km, i 

VED Height = 4.50 m 128 | 
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VED Height = 0.00 m 136 


209. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 100 km, ‘ 
VED Height = 22.48 m 137 


210. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 44.95 m 137 


211. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 0.00 m 138 


212. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 
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213. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 139 


214. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 139 


215. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25 m 140 


216. Vertical Electric Field (Poorly Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 4.50 m 140 


217. Radial Electric Field (Poorly Conducting Soil), 
Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 141 


218. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 0.1 MHz, Dist. = 30 km, 
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219. Radial Electric Field (Poorly Conducting Soil), 
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222. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 0.1 MHz, Dist. = 300 km, 
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223. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 1.0 MHz, Dist. = 10 km, 

VED Height = 0.00 m 144 
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224. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 1.0 MHz, Dist. = 10 km, 

VED Height = 224.76 m 144 
225. Radial Electric Field (Poorly Conducting Soil), 

Freq. 1.0 MHz, Dist. = 10 km, 

VED Height = 449.52 m 145 
226. Radial Electric Field (Poorly Conducting Soil), 

Freg. = 1.0 MHz, Dist. = 100 km, 

VED Height = 0.00 m 145 


227. Radial Electric Field (Poorly Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 146 


228, Radial Electric Field (Poorly Conducting Soil), 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 146 


229. Radial Electric Field (Poorly Conducting Soil), 
Freg. = 10.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 147 


230. Radial Electric Field (Poorly Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 22.48 m 147 


231. Radial Electric Field (Poorly Conducting Soil) 
Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 44.95 m 148 


232. Radial Electric Field (Poorly Conducting Soil), 
Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 148 


233. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 10.0 MHz, Dist. = 100 km, 

VED Height = 22.48 m 149 
234. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 10.0 MHz, Dist. = 100 km, 

VED Height = 44.95 m 149 
235. Radial Electric Field (Poorly Conducting Soil) 

Freg. = 100.0 MHz, Dist. = 3 km, 

VED Height = VED Height = 0.00 m 150 
236. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 100.0 MHz, Dist. = 3 km, 

VED Height = 4,50 m 150 
237. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 100.0 MHz, Dist. = 3 km, 

VED Height = 4.50 m 152 
238. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 100.0 MHz, Dist. = 30 km, 

VED Height = 0.00 m 151 
239. Radial Electric Field (Poorly Conducting Soil), 

Freq. = 100.0 MHz, Dist. = 30 km, 

VED Height = 2.25 m 152 
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Al. Geometry for the Field Equations, Showing the VED 


Radial Electric Field (Poorly Conducting Soil), 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 4.50 m 


Source at Height h Above the z = 0 Plane and the 
Three Field Components Ez, Ep, and Hg (out of 
paper) at Point 0 at Height z and Downrange d 


Bl. Regions of Validity for the Flat Earth Equations: 


14, 


15, 


A) 0.1 MHz, B) 1.0 MHz, C) 10 MHz, 
D) 100 MHz 


Conductivities and Dielectric Constants Adopted for 
Various Earth Surfaces 


Vertical Electric Field (Sea Water), 

Frequency = 0.1 MHz, VED Height = 0.00 m 
Vertical Electric Field (Sea Water), 

Frequency = 0.1 MHz, VED Height = 2247.60 m 
Vertical Electric Field (Sea Water), 

Frequency = 0.1 MHz, VED Height = 4495.20 m 


Vertical Electric Field (Sea Water), 
Frequency = 1.0 MHz, VED Height = 0.00 m 


Vertical Electric Field (Sea Water), 


Frequency = 1.0 MHz, VED Height = 224.76 m 
Vertical Electric Field (Sea Water), 

Frequency = 1.0 MHz, VED Height = 449.52 m 
Vertical Electric Field (Sea Water), 

Frequency = 10.0 MHz, VED Height = 0.00 m 
Vertical Electric Field (Sea Water), 

Frequency = 10.0 MHz, VED Height = 22.48 m 


Vertical Electric Field (Sea Water), 
Frequency = 10.0 MHz, VED Height = 44.95 m 


Vertical Electric Field (Sea Water), 
Frequency = 100.0 MHz, VED Height = 0.00 m 


Vertical Electric Field (Sea Water), 
Frequency = 100.0 MHz, VED Height = 2.25 m 


Vertical Electric Field (Sea Water), 
Frequency = 100.0 MHz, VED Height = 4.50 m 


Radial Electric Field (Sea Water), 
Frequency = 0.1 MHz, VED Height = 0.00 m 


Radial Electric Field (Sea Water), 
Frequency = 0.1 MHz, VED Height = 2247.60 m 
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16. Radial Electric Field (Sea Water), 
Frequency = 0,1 MHz, VED Height 


17. Radial Electric Field (Sea Water), 
Frequency = 1,0 MHz, VED Height = 0.00 m 168 


18. Radial Electric Field (Sea Water), 
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4495.20 m 167 


Frequency = 1.0 MHz, VED Height = 224.76 m 169 
19. Radial Electric Field (Sea Water), 
Frequency = 1.0 MHz, VED Height = 449.52 m 170 
20. Radial Electric Field (Sea Water), 
Frequency = 10.0 MHz, VED Height = 0.00 m 171 
21. Radial Electric Field (Sea Water), 
Frequency = 10.0 MHz, VED Height = 22.48 m 172 
22. Radial Electric Field (Sea Water), 
Frequency = 10.0 MHz, VED Height = 44.95 m 173 
i 23. Radial Electric Field (Sea Water), 
Frequency = 100.0 MHz, VED Height = 0.00 m 174 
! 24. Radial Electric Field (Sea Water), . 
Frequency = 100.0 MHz, VED Height = 2.25 m 175 
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Height-Gain Atlas for an Elemental 
Vertical Electric Dipole Above a Flat Earth 


1. INTRODUCTION 


The purpose of this report is to provide practical information on the height 
distribution of the electromagnetic fields from an elementary vertical electric 
dipole (VED) above five flat, homogeneous earth surfaces representative of sea 
water, well-conducting earth, poorly conducting earth, fresh water, and ice. 

Over the last several decades the need for such data has grown, primarily because 
of increased use of communication and navigation systems aboard aircraft. These 
data also could be of value in assessing the performance of a vertical distribution 
of VEDs. 

Historically, the problem of the elementary VED above a plane, homogeneous 
earth dates back to Sommerfeld. y Since then, numerous authors have given 
Suara ae a cea for the fields (for example, the work of Norton, 2,3 
Wait, ' 


Banos, and King’), and extensive numerical calculations for the fields 


as functions of distance along the surface have been provided (see work by Norton,® 


Terman, 2 Wait and Campbell, as Wait and Howe, and Wait, Ae On the other 
hand, much less attention has been paid to the height-gain functions. Some re- 
sults are available for certain frequencies and distances (such as was obtained by 
Norton, 5 Wait and Campbell, ze and King et ai)3, Sy while other data are given 


in the form of universal curves which require the user to calculate appropriate 


(Received for publication 3 March 1981) 


Because of the large number of references cited above, they will not be listed 
here, See References, page 333. 
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quantities, ss In this report both tables and curves are given with parameters 
selected for applicability to current AF systems, 

Although strictly for an infinitesimal dipole, the data may be useful for 
source antennas as much as a half-wavelength in size. These data no longer rep- 
resent the true height-gain when the free-space radiation pattern of the source 
differs appreciably from that of the infinitesimal dipole. 


2. PRESENTATION OF RESULTS 


This atlas presents height-gain data for each of the five representative earth 
surfaces, and Table 1 lists their assigned electromagnetic parameters. The air 


is assigned Fo = 0 and Ko = (1, 0003). The magnetic permeability of both air and 
earth isu, = My = 4" X 10°" H/m. 


Table 1. Conductivity and Dielectric Constants 
Adopted for Various Earth Surfaces 


Sea Water 
Fresh Water 
Ice 


Well Conducting Soil 


Poorly Conducting Soil 


The vertical and radial electric fields E, and E_ and the azimuthal magnetic 
field Hy are given by Eqs. (Al), (A2), and (A3), respectively, in Appendix A. 
The height-gain amplitudes are computed as the ratios 


E,(o,, 2)/E (eo, 0) (1) 
E,(o,, 2)/Ej(o, 0) (2) 
and 
Hy(o,, 2/H,(o, 0), (3) 
30 
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where the normalization factor is either the vertical electrical or the azimuthal 
magnetic field at the surface of a perfect conductor, On the other hand, the 


height-gain phases are given as the phase differences 


arg Ej(o,, z) - arg E(w, z) (4) 

arg E, (oy, z) - arg E(o, z) (5) 
and 

arg Hy(o,. 2) - arg H,(, 2) (6) 


between the fields at height z over the earth and over a perfect conductor, except 
in the special case of arg E (a, 0) which is indeterminate. 

Height-gain curves for sea water are shown for E, in Figures 1 to 24 and for 
E_ in Figures 25 to 48. Curves for H, are not given since they are practically 
identical to those of E,: The figure titles give frequency, downrange distance d, 
and VED height. Each figure is composed of two plots: relative amplitude vs 
height and phase difference vs height. The relative amplitude plot contains two 
curves: one with the symbol X to indicate a perfect conductor (o, = eo), the other 
with the symbol [@] to denote the actual surface. The phase difference plot utilizes 
+ and - to indicate that the phase leads or lags, respectively, the phase over a 
perfect conductor. The computer program to produce the plots incorporated an 
automatic routine to scale the amplitude and phase difference axes to within 3 dB 
and 3 degrees, respectively, of the maximum value calculated, to make the fullest 
practical use of the available space. 

The height-gain functions also are given for E, in Tables 2 to 13, an in 
Tables 14 to 25, and Hy in Tables 26 to 37. The height interval is 1 percent of 
the maximum height for the lowest 30 points, and is 5 percent for the remainder. 

Height-gain curves for fresh water are shown for E_ in Figures 49 to 72, and 
for a in Figures 73 to 96. The height gain functions also are given for E, in 
Tables 38 to 49, ar in Tables 50 to §1, and for H, in Tables 62 to 73. 

Height-gain curves for ice are shown for E, in Figures 97 to 121, and for 
B. in Figures 122 to 144, The height gain functions also are given for E. in 


Tables 74 to 85, E, in Tables 86 to 97, and for Bi in Tables 98 to 109. 
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Height-gain curves for well-conducting soil are shown for E. in Figures 
145 to 168 and for E, in Figures 169 to 192, The height-gain functions also are 


given for E, in Tables 110 to 121, E. in Tables 122 to 133, and for H 
Tables 134 to 145. 

Height-gain curves for poorly conducting soil are shown for E, in Figures 
192 to 216 and for E, in Figures 217 to 240, The height-gain functions also are 
given for E. in Tables 146 to 157, E. in Tables 158 to 169 and for i in 
Tables 170 to 181. 

All of the values given in the above figures and tables lie within the ranges 


go 


of validity derived in Appendix B. 
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Figure 1. Vertical Electric Field 
(Sea Water) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 


Figure 2. Vertical Electric Field 
(Sea Water) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 2247.60 m 
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Figure 3. Vertical Electric Field 
(Sea Water) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 


Figure 4. Vertical Electric Field 
(Sea Water) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 0. 00m 


(Sea Water) 
Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 2247.60 m ! 


Figure 5. Vertical Electric Field 
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Figure 8. Vertical Electric Field 
(Sea Water) 
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Figure 9. Vertical Electric Field 
(Sea Water) 

Freq. = 1.0 MHz, Dist. 100 km, 
VED Height = 449. 52 m 


Figure 10. Vertical Electric Field 
(Sea Water) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 


Figure 11. Vertical Electric Field 

(Sea Water) 
Freq. = 1.0 MHz, Dist. = 100 km, 7 
VED Height = 224.76 m 
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Figure 12. Vertical Electric Field 
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Figure 13. Vertical Electric Field 
(Sea Water) 

Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 
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Figure 16. Vertical Electric Field 
(Sea Water) 
Freq. = 10.0 MHz, Dist. = 100 km, 


VED Height = 0.00 m 
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Figure 17. Vertical Electric Field 
(Sea Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 22.48 m 


Figure 18. Vertical Electric Field 
(Sea Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 44.95 m 
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Figure 19. Vertical Electric Field 
(Sea Water) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 0.00 m 


Figure 20. Vertical Electric Field 
Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 2.25 m 
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Figure 23. Vertical Electric Field 
(Sea Water) 
Freq. = 100.0 MHz, Dist. 


= 30 km, 
VED Height = 2.25 m 


Figure 24. Vertical Electric Field 
(Sea Water) 
Freq. = 100.0 MHz, Dist. 
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Figure 25. Radial Electric Field 
(Sea Water) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 


Figure 26. Radial Electric Field 
(Sea Water) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 2247.60 m 
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F Figure 28. Radial Electric Field 
». (Sea Water) 
“3 Freq. = 0.1 MHz, Dist. = 300 km, 
we VED Height = 0.00 m 
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Figure 29. Radial Electric Field 
(Sea Water) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 2247.60 m 
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Figure 31. Radial Electric Field 
(Sea Water) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 


Figure 32. Radial Electric Field 
(Sea Water) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 224.76 m 
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Figure 33. Radial Electric Field 
(Sea Water) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 449.52 m 


Figure 34. Radial Electric Field 
(Sea Water) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 0. 00 m 
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Figure 36. 
(Sea Water) 


Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 
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Figure 37. Radial Electric Field 
(Sea Water) 

Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 


Figure 38. Radial Electric Field 
(Sea Water) 

Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 22.48 m 
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Figure 41. Radial Electric Field 
(Sea Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 22.48 m 


Figure 42. Radial Electric Field 
(Sea Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 44.95 m 
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Figure 43. Radial Electric Field | 
(Sea Water) 
Freq. = 100.0 MHz, Dist. = 3 km, 

VED Height = 0.00 m 
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Figure 45. Radial Electric Field 
(Sea Water) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 
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Figure 46. Radial Electric Field 

- (Sea Water) 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0. 00 m 
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Figure 47. Radial Electric Field 
(Sea Water) 
Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25 m 
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Figure 51. Vertical Electric Field 
(Fresh Water) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 m 


Figure 52. Vertical Electric Field 
(Fresh Water) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 0.00 m 
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Figure 53. Vertical Electric Field 
(Fresh Water) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 2247.60 m 


Figure 54. Vertical Electric Field 
(Fresh Water) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 4495.20m 
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Figure 55. Vertical Electric Field 
(Fresh Water) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 


Figure 56. Vertical Electric Field 
(Fresh Water) 

Freq. = 1.0 MHz, Dist. 
VED Height = 224.76 m 
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Figure 57. Vertical Electric Field 
(Fresh Water) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 449.52 m 


Figure 58. Vertical Electric Field 
(Fresh Water) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 0.00m 
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Figure 59. Vertical Electric Field 
(Fresh Water) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 
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Figure 65. Vertical Electric Field 
(Fresh Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 22.48 m 


Figure 66. Vertical Electric Field 
(Fresh Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 44.95 m 
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Figure 69. Vertical Electric Field | 
* (Fresh Water) 

Freq. = 100.0 MHz, Dist. = 3 km, 4 
VED Height = 4.50 m : 
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Figure 70. Vertical Electric Field 
(Fresh Water) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 
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Figure 71. Vertical Electric Field 
(Fresh Water) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25m 


Figure 72. Vertical Electric Field 
(Fresh Water) 

Freg. = 100.0 MHz, Dist. = 30 km, 
VED Height = 4.50 m 


tg SNe SD 


JEON 


te 


om 0.08 apt FONT SUK? 1.00 2.10 2.0 2.70 3.00 


) $1.0 102.0 
PHASE OFF (0€0) 


t) 80.0 120.0 190 .0-63.0 
PHASE OIFF (0EG) 


53 -0-60.0 40.0 -20.0 0. 
REL. AMPLITUDE (08) 


8 

g 

: ' 
8 

£ Figure 73. Radial Electric Field 
aS (Fresh Water) | 
& Freq. = 0.1 MHz, Dist. = 30 km, 
a*¥ VED Height = 0. 00m 


pees 


-42.0 -21.0 0. 
REL. AMPLITUOE (08) 


a 


a cn et 


= Figure 74. Radial Electric Field 
(Fresh Water) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 2247.60 m 
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Figure 75. Radial Electric Field 
(Fresh Water) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 m 


Figure 76. Radial Electric Field 
(Fresh Water) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 0.00 m 
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Figure 77. Radial Electric Field 
(Fresh Water) 

Freq, = 0.1 MHz, Dist. = 300 km, 
VED Height = 2247.60 m 


Figure 78. Radial Electric Field 
(Fresh Water) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 4495.20 m 


eats 


ial aalhels nee i nk a 


A vem RT 


a 8 

3 3 

® td i 
8 8 : 
= a Figure 79. Radial Electric Field 
a8 * (Fresh Water) 
5 & Freq. = 1.0 MHz, Dist. = 10 km, 
¥s 3* VED Height = 0.00 m 

a g 

g g 

8 y 8 

%.o0 42-0 84.0 126 .0-63.0 ~42.0 -21.0 0.8 

PHASE DIFF (DEG) REL. AMPLITUDE (0B) 

8 8 

3 8 

3 3 

2 e 

: 8 Figure 80. Radial Electric Field 

- é (Fresh Water) 

=3 a~ Freq. = 1.0 MHz, Dist. = 10 km, 

= “3 VED Height = 224.76 m 

5 3 

a a 

& g 

8 3 

a) 82.0 194.0 166 .0-80.0 ~40.0 -20.0 80.8 

PHASE DIFF (0EG) REL. AMPLITUDE (0B) 


rT ane 


72 


& 8 
8 8 
° 
a a 
6 6 
& g 
6 6 
8 3 
° ° 
z é 
= ~ 
- ‘@! 
= é 
¥, id 
s 2 
8 2 
oe o 
8 g 
oe °° 
2 e 
3 S 
& 3 
4.0 60.0 120-0 180 .0-60.0 -40.0 -20.0 0.8 
PHASE OIFF (DEG) REL. AMPLITUDE (08) 
8 8 
c 2 
g 3 
° ey 
8 & 
eo °° 
8 8 
g 3 
e oo 
s F 
a . 
e g 
tg a* 
: . 
8 8 
o . 
8 8 
Ps I 
8 8 
% 8 
t.0 0 62.0 @3.0 -€3.9 -$2.0 -21.0 a8 
PHASE OIFF (0EG) REL. AMPLITUDE (08) 

73 

we 3 


Figure 81. Radial Electric Field 


(Fresh Water) 


Freq. = 1,0 “1Hz, Dist. = 10 km, 


VED Height = 449.52 m 


Figure 82. Radial Electric Field 


(Fresh Water) 


Freq. = 1.0 MHz, Dist. = 100 km, 


V ED Height = 0.00 m 
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Figure 83. Radial Electric Field 
(Fresh Water) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 
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Figure 84. Radial Electric Field 
(Fresh Water) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 
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Figure 85. Radial Electric Field 
(Fresh Water) 

Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 


Figure 86. Radial Electric Field 
(Fresh Water) 

Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 22.48 m 
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Figure 87. Radial Electric Field 
(Fresh Water) 

Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 44.95 m 


Figure 88. Radial Electric Field 
(Fresh Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 
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Figure 89. Radial Electric Field \4 
(Fresh Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 

VED Height = 22.48 m 
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Figure 90. Radial Electric Field 
(Fresh Water) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 44.95 m 
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Figure 92, Radial Electric Field 
(Fresh Water) 
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Figure 93. Radial Electric Field 
(Fresh Water) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 


Figure 94. Radial Electric Field 
(Fresh Water) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 
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Figure 95. Radial Electric Field 
(Fresh Water) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25 m 
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Figure 96. Radial Electric Field 
(Fresh Water) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 4.50 m 
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Figure 97. Vertical Electric Field 
(Ice) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 
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£ Figure 98. Vertical Electric Field 
5 (Ice) 

Ss Freq. = 0.1 MHz, Dist. = 30 km, 

= VED Height = 2247.60 m 
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Figure 99. Vertical Electric Field 
(Ice) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 m 


Figure 100. Vertical Electric Field 
(Ice) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 0.00 m 
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Figure 103. Vertical Electric Field 
(ice) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 
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mee 104. Vertical Electric Field 
(Ice 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 224.76 m 
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Figure 105. Vertical Electric Field 
(ice) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 449.52 m 


Figure 106. Vertical Electric Field 
(Ice) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 
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Figure 107. Vertical Electric Field 
(ice) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 


Figure 108. Vertical Electric Field 
(ice) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 
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Figure 112. Vertical Electric Field 
(Ice) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 
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Figure 113. Vertical Electric Field 
fice) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 22.48 m 
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Figure 118. Vertical Electric Field 
(Ice) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 


1.60 
1. 


METOHT (KM) 
1.20 id 
MELOMT (KR) 


93.0 -01.0 -54.0 -27.0 a. 
REL. AMPLITUDE (08) 


V0 n.0 $2.0 
PHASE DIFF (0EG) 


1. 


MELOMT CK) 


1.20 


ereeeeeeneeeeeeeeeeeeeeeeee eee eeeeneeeeeeteeeeeetes: 


V6 22.0 44.0 
PHASE DIFF (OEG) 


MELOHT (KR) 


) 27.0 $4.0 
PHASE DIFF (0€G) 


08.0 ~78.0 -80.0 -28.0 0. 
REL. AMPLITUDE (08) 


61.0 -69.0 -48.0 -23.0 0. 
REL. AMPLITUDE (08) 


0.30 0.80 0.80 or) 1 1.08 


2320 1.80 


HEIGHT (KM) 


MELOMT (XM) 


Figure 119. Vertical Electric Field 
(Ice) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25 m 
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Figure 121. Radial Electric Field 
(Ice) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 
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Figure 122. Radial Electric Field 
(Ice) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 2247.60 m 
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Figure 123. Radial Electric Field 
(Ice) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 m 
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Figure 127. Radial Electric Field 
(Ice) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 
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Figure 133. Radial Electric Field 
(Ice) 

Freq. * 10.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 


Figure 134. Radial Electric Field 
(Ice) 

Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 22.48 m 
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Figure 136. Radial Electric Field 
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Figure 138. Radial Electric Field 
(Ice) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 44.95 m 
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Figure 140. Radial Electric Field 
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Figure 141. Radial Electric Field 
(Ice) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 


Figure 142. Radial Electric Field 
(Ice) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 


* 


marae” 6 ar Re PRO © 


2 


1.00 


1.0. 


= = Figure 143. Radial Electric Field 
i s- (ice) 
é & Freq. = 100.0 MHz, Dist. = 30 km, 


VED Height = 2.25 m 


1 
1. 


o 


8 3 
%-0 60.0 100.0 150.0-64.0 -68.0 -20.0 0.8 
PHASE DIFF (OEG) REL. AMPLITUDE (0B) 

8 8 

r e 

: i 

3 3 

: i . 

3 : 
: i — Figure 144, Radial Electric Field 
ae ; ott (Ice) 
3 . Freq. = 100.0 MHz, Dist. = 30 km, 
Fd a= VED Height = 4.50m 
2 8 

3 i § 

e 3 o 

} 

a 4 3 

8 8 

. .0-78. 62. -26. 3 

Bo canst Bier (OED) ee REL. AMPLITUDE OB)” 


3 § 
2 ® 
2 2 
: i 
3 q 
: : 
= = 
= = 
2 Je 
5 E 
¥ ¥ 
3 3 
8 8 
5 is 


Pa 


oo 46.00-3.00 


00 $-00 6. 
PHRASE DIFF (DEG) REL. AMPLITUDE Toe) 


i 


 puase DIFF (0E0) | REL. AMPLITUDE (0B) om 


td 
WETONT tn) ' 


HEIONT XM} 


105 


Figure 145. Vertical Electric Field 
(Well- -Conducting Soil) 
Freq. = 0.1 MHz, Dist. = 30 km, 


VED Height = 0.00 m 


Figure 146. Vertical Electric Field 
(Well-Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 2247.60 m 
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Figure 149. Vertical Electric Field 
(Well-Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 2247.60 m 


Figure 150. Vertical Electric Field 
(Well-Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 4495.20 m 
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Figure 155. Vertical Electric Field 
(Well- Conducting Soil) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 


Figure 156. Vertical Electric Field 
(Well-Conducting Soil) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 
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(Well-Conducting Soil) 
Freq. = 10.0 MHz, Dist. = 10 km, 
VED Height = 44.95 m 
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Figure 161. Vertical Electric Field 
{Well-Conducting Soil) 
Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 22.48 m 
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Figure 163, Vertical Electric Field 
(Well -Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 0.00 m 


Figure 164. Vertical Electric Field 
(Well-Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 2.25 m 
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Figure 165. Vertical Electric Field 
(Well-Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 
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= Figure 167. Vertical Electric Field 
za (Well -Conducting Soil) 

& Freq. = 100.0 MHz, Dist. = 30 km, 
%, VED Height = 2.25 m 
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Figure 168. Vertical Electric Field 
(Well-Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 4.50 m 
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Figure 169. Radial Electric Field 
(Well-Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 


Figure 170. Radial Electric Field 
(Well-Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 2247.60 m 
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Figure 171. Radial Electric Field 
(Well-Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 m 


Figure 172. Radial Electric Field 
(Well-Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 0.00 m 
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Figure 174. Radial Electric Field 
(Well-Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 4495.20 m 
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Figure 177. 


Radial Electric Field 


(Well-Conducting Soil) 
Freq. * 1.0 MHz, Dist. = 10 km, 
VED Height = 449.52 m 


Figure 178. 


Radial Electric Field 


(Well-Conducting Soil) 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 
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Figure 179. Radial Electric Field . 
&™ (Well-Conducting Soil) 
Freq. = 1.0 MHz, Dist, = 100 km, 
z= VED Height = 224.76 m 
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Figure 181. Radial Electric Field 
(Well-Conducting Soil) 
Freq. = 10.0 MHz, Dist. 
VED Height = 0.00 m 


= 10 km, 


Figure 182. Radial Electric Field 


(Well-Conducting Soil) 


Freq. = 10.0 MHz, Dist. 


VED Height = 22,48 m 
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Figure 183, Radial Electric Field 
(Well-Conducting Soil) f 
Freq. = 10.0 MHz, Dist. = 10 km, : 


VED Height = 44.95 m 


Figure 184. Radial Electric Field 
(Well-Conducting Soil) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 
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Figure 185. Radial Electric Field 
(Well-Conducting Soil) 
Freq. = 10.0 MHz, Dist. 
VED Height = 22.48 m 


= 100 km, 


Figure 186. Radial Electric Field 
(Well-Conducting Soil) 
Freq. = 10.0 MHz, Dist. 
VED Height = 44.95 m 


= 100 km, 
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Figure 187. Radial Electric Field 


(Well-Conducting Soil) 


Freq. = 100.0 MHz, Dist. 


VED Height = 0.00 m 


= 3 km, 


Figure 188. Radial Electric Field 


(Well-Conducting Soil) 


Freq. = 100.0 MHz, Dist. 


VED Height = 2.25 m 


= 3 km, 
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Figure 189. Radial Electric Field 
(Well-Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 


Figure 190. Radial Electric Field 
(Well-Conducting Soil) 


Freq. = 100.0 MHz, Dist. * 30 km, 


VED Height = 0.00 m 
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Figure 193. Vertical Electric Field 
(Poorly Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 0.00 m 
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= (Poorly Conducting Soil) ; 
Freq. = 0.1 MHz, Dist. = 30 km, : 
W#" VED Height = 2247, 60 m i 
3 


a 10.0 20.9 30.0 -6.00 -4.00 -2.00 Be 
PHASE DIFF (0EO) REL. AMPLITUOE (08) : 


1. 


t.aftt HOME cam) i 
WEIONT (KA) 


129 


3.0 


® 
3 
‘ - 
| ‘ 
f - 
»- Figure 195. Vertical Electric Field 
“g (Poorly Conducting Soil) 
t * Freq. = 0.1 MHz, Dist. = 30 km, 
| = VED Height = 4495.20 m 
! : 
q 
3 
3 
80 


00-8 . -6.00 -3.00 0. 
REL. AMPLITUDE (08) 


8 8 
a a 
8 8 
8 % 
f 8 
8 8 
s 8 
z, aE Figure 196. Vertical Electric Field 
ab s. (Poorly Conducting Soil) 
: & Freq. = 0.1 MHz, Dist. = 300 km, 
¥8 = VED Height = 0.00 m 
8 8 
8 8 
8 ‘ed 
8 bd 
Vo “1.0 62.0 123.0-12.00  -8.00 ~4.00 0.80 
PHASE DIFF (GEG) REL. AMPLITUOE (08) 
130 
* = 2 4 Pe ae “ + . ee 372" i ad Hn ag) 


eons 


Figure 197. Vertical Electric Field |' 
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Figure 200. Vertical Electric Field 
(Poorly Conducting Soil) t 
Freq. = 1,0 MHz, Dist. = 10 km, : 
VED Height = 224.76 m 
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Figure 201. Vertical Electric Field 
(Poorly Conducting Soil) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 449.52 m 


Figure 202. Vertical Electric Field 
(Poorly Conducting Soil) 

Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 0.00 m 
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Figure 203. Vertical Electric Field 
(Poorly Conducting Soil) 
Freq. = 1.0 MHz, Dist. = 100 km, 


VED Height = 224.76 m 


Figure 204. Vertical Electric Field 


(Poorly Conducting Soil) 
Freq. = 1.0 MHz, Dist. 
VED Height = 449.52 m 
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Figure 211. Vertical Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 0.00 m 


Figure 212. Vertical Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 2.25 m 
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Figure 213. Vertical Electric Field ! 
(Poorly Conducting Soil) 
Freq. = 100.0 MHz, Dist. = 3 km, 

VED Height = 4.50 m 


Figure 214. Vertical Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 
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Figure 215. Vertical Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25m 
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Figure 219. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 30 km, 
VED Height = 4495.20 m 
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Figure 220. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 0.1 MHz, Dist. = 300 km, 
VED Height = 0.00 m 
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Figure 223. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 0.00 m 


Figure 224. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 1.0 MHz, Dist. = 10 km, 
VED Height = 224.76 m 
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Figure 227. Radial Electric Field 
(Poorly Conducting Soil) 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 224.76 m 


Figure 228. Radial Electric Field 
(Poorly Conducting Soil) 
Freq. = 1.0 MHz, Dist. = 100 km, 
VED Height = 449.52 m 
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E = Figure 231. Radial Electric Field 
= 3” (Poorly Conducting Soil) 
S s Freq. = 10.0 MHz, Dist = 10 km, 
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Figure 233. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 22.48 m 


Figure 234. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 10.0 MHz, Dist. = 100 km, 
VED Height = 44.95 m 
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Figure 235. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 0.00 m 


Figure 236. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 2.25 m 
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Figure 237. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 3 km, 
VED Height = 4.50 m 


Figure 238. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 0.00 m 
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Figure 239. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 2.25 m 


Figure 240. Radial Electric Field 
(Poorly Conducting Soil) 

Freq. = 100.0 MHz, Dist. = 30 km, 
VED Height = 4.50 m 
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Appendix A 


ELECTROMAGNETIC FIELD EQUATIONS 


An elemental VED of moment I£ in air above a plane, homogeneous earth rad- 
iates transverse magnetic (TM) fields which can be represented in cylindrical 
coordinates by the three components 


-ik, It n ~ik,D -ikyR 
E, = 2 2 cos? wv e +T, cos? wy A 
z an D D M R R 


~ikyR 


+ (1 c Dy) Fw) eos? vp —_.—- 


-ik,D ~ikyR 


sin YD cos YD S - ly sin vp cos Vp + 


~ikyR 
+ (1 - Ty)Fw)4p cos Up —— 


and 


ik, Ue Be Ras 
Ho ae ORD ap at SOR 
~ikyR 
+ (1 - Typ FW) COS Up <_.— (A3) 


where EL is the vertical anaes field, an is the radial electric field, and Hy is the 
azimuthal magnetic field. Each component is expressed as the sum of three terms, 
corresponding to Norton's? direct, reflected, and surface wave representation, 
Near field contributions and the exp (+iwt) time dependence have been omitted. 


The geometry is given in Figure Al, where 


d = downrange distance along z = 0 plane 
h = VED height above z = 0 

Zz = field point above z = 0 

D = [d? + (h - 2)?)1/? 


it 


(a? +(h+ 2)7) 1/2 


COS Up = a/D 
cos Up = d/R 
sin UD = (h - 2)/D 


and 


sind, = (h + z)/R. 


The TM Fresnel reflection coefficient for parallel polarization, 


Py * (sin Up - 4p) /(sin vp + Ap) 
where 
1/2 
2 
Hy Ko ky 2 
AR ok 1- @ cos UR 
1 
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is the normalized surface impedance. 


. iw 
kg => Ko + (z > 0) 


while in the earth 


.“ 
tl 


9 7 4*x 107! H/m = permeability of free space 
e = 8.854107)? Fy/m = 
1/2 


permittivity of free space 
n= u/€,) > impedance of free space 
My ° earth permeability 

k, * earth relative permittivity - €,/e, 


Oo, = earth conductivity 


“ 


air permeability 


u 


air relative permittivity = €g/Eg 
w = 27f, where f is the frequency (Hz), and 


c = 2,997x 108 m/sec. 


MEDIUM 2, 2>0 
(020, [L2*tUo, €2) 


MEDIUM I|,z<O 
(O,, My =Ho €) 


Figure Al. Geometry for the Field Equations, 
Showing the VED Source at Height h Above the 


z = 0 Plane and the Three Field Components 
E,, E,, and Hg (Out of Paper) at Point 0 at 
Height z and Downrange Distance d 
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The propagation constant in the air 


z Ge RE SEae -- yeReMT Fe Ep RN mre 


wy eT 


= SE a cee NE TE : 


The attenuation function F(w), which accounts for the effect of the lossy plane 


earth on the surface wave terms, can be written as 


Flw) = 1 -i rw ee erfe (i fw) 


where w, the so called ‘numerical distance', is given by 


~ikyR 2 
wis a (Op + stn Up) 
2 cos vp 


and erfc (inf) is the complement of the error function of argument i fw. 


(A4) 


Appendix B 


RANGE OF APPLICABILITY 


Equations (Al), (AZ), and (A3) may be derived from the approximate Hertz 
potential 


-ikyD -ikgR ~ikyR 


e e e 
2° Ey aR hy) 


by multiplying I, by -ilf /4twe., applying 


B-99-M+? 0 
2 — 
>- oo 9x A 
ale 
and then discarding terms in a or smaller, Since the fields must satisfy the 
wave equation 


O70 -u7K 


’ 


(B1) 


the restrictions imposed by the Hertz potential approximation may be found by 


inserting Eqs. (Al), (A2), and (A3) into Eq. (B1) and studying the remainder terms. 
It may be shown that these terms are negligible if 
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ry 


er 


Ne RT > Re: A Oe a 


4 2 
in’, «| dp at Be 
sin « : — (B2) 
R R ky My 
and 
ea 
| sin tpt dp 2 ct (B3) 


More detailed discussion of these approximations may be found in King. u 


Numerical values of the factors in Eqs. (B2) and (B3) for the five earth sur- 
faces are given in Tables Bl to B5. These show that Eq. (B2) is satisfied for any 
value of Up: On the other hand, since the phase of dp for a smooth, homogeneous 
surface is confined within the range 0 degrees (for a nonconducting surface) to 


+45 degrees (for a good conductor), Eq. (B3) can be Satisfied only if both 


‘2 «1 (B4) 


lop 
and 
sin” bp «Kl (B5) 
R 


For all frequencies and surfaces considered, the tables show that Eq. (B4) is 
satisfied, Equation (BS) restricts v, to about 20 degrees or so, but in deriving 
Eq. (A4) for F(w), the more stringent condition! 


(h+z)/d<«l (B6) 


is used, which further limits UR to 6 degreesor less, Consequently, the criterion 


adopted for this report is 
(h+z)/ds O01. (B7) 


It should be noted that Eq. (B?) is probably much more restrictive than necessary 
since the surface wave terms rapidly become negligible compared to the combina- 
tion of direct and reflected terms as eR is increased. a 
The minimum distance for which Eqs. (Al), (A2), and (A3) are valid is of the 
order of 104, becauSe the static and induction fields were neglected. Earth curva- 
ture limits the maximum practical range. Norton® suggests the plane surface TM 


equations are valid for distances d < 80 Qn l/3 where d is in kilometers and F is 
the frequency in Megahertz. These restrictions on d combined with the criterion 


of Eq. (B7) determine the trapezoidal areas shown in Figure Bl. 
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Table Bl. Propagation Parameters for 0, = 4 S/m,«, = 80 (Sea Water) 


2.10 x 107 : 1.18 x 107 6.10 x 108 


2.10 x 107 : 3.73 x 1079 1.93 ~ 10! 


2.10 x 107 ; 1.18 x 1072 6.10 x 10° 


2. 10 : 3.73 x 107° 1.93 x 104 


' Table B2. Propagation Parameters for oa 


1 7 0-001 S/m, k, = 80 (Fresh Water) 


2.10 x 107 : 7 7.12 x 1072 2.77 x 10° 


1 


2.10 x 107 : _ 1.10 x 107 7.43 x 107 


1 


2.10 x 107 : 1.12 « 107 7.16 x 10° 


2.10 1.12 x 1074 7.16 x 10° 


Table B3. Propagation Parameters for a, = 2x 107° S/m, kK, = 5 (Ice) 


1 


f (Hz) |ky} (m7) 


2.10 x 10° 4.03 x 10° 


2.10 x 10° 4.47 x 10° 


2,10 10° 4,47 x 10° 


2. 4,47 x 10" 


Table B4. Propagation Parameters for o, = 0.01 S/m, Ky 
(Well-Conducting Soil) 


Ty 

LS) 

oO 
~~ 


r(H2) | |kyltm™!y | fk, [(m74) 


3 | g.90x 1072 | 2.36 x 1072 


2.10 x 10° 


2.10 x 1072 2.84x107! | 7.41 x 107? 


1 


2,10 x 1074 1.09 1.93 x 107 


1 


2. 2.23 x 107 


10 


Table B5. Propagation Parameters for a, 0.001S/m, «x 
(Poorly Conducting Soil) 


t (Hz) {ky |(m71) 


2.10% 1073 }2,.81~1072 | 7.46% 1077 2.41 x 10 
2.10% 1072 {9.531072 | 220x107! 9.36 «10! 
2.10 ¥ 107 6.70x 107! | 3.13 « 107! 3.25 x 10! 


I 


3.16 x 107 3.16 x 10! 
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an 


B) 


te. 
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10 
= E 
= y = 
x= Py 
+ EARTH + 
N CURVATURE N 
O1 NEGLECTEO 
0.01 
WEAR FIELD TERMS 
NEGLECTED 
0.00! 
(oKey) O4 1 10 100 1000 
d(km) 
| 
Cc 
10 
NEAR FIELC TERMS NEAR FIELD TERMS 
a NEGLECTED = NEGLECTEO 
= | = 
rr EARTH rd 
PF CURVATURE N 
om NEGLECTED 
0.0! 
0.001 i 
0.0! (oF) ' 10 100 = 1000 0.0) co] ! 10 100 = 1000 
d(km) d(km) 


Figure Bl. Regions of Validity for the Flat Earth Equations: A) 0.1 = MHz, 


1.0 MHz, C) 10 MHz, and D) 100 MHz 
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